graded association remained significant after simultaneous adjustment for potential confounders, including diuretic use. Compared with individuals with serum magnesium levels of 0.95 mmol/L (1.90 mEq/L) or greater, the adjusted relative odds of incident type 2 diabetes rose progressively across the following lower magnesium categories: 1.13 (95% CI, 0.79-1.61), 1.20 (95% CI, 0.86-1.68), 1.11 (95% CI, 0.80-1.56), 1.24 (95% CI, 0.86-1.78), and 1.76 (95% CI, 1.18-2.61) (for trend, P = .01) In contrast, little or no association was observed in black participants. No association was detected between dietary magnesium intake and the risk for incident type 2 diabetes in black or white participants.
Conclusions: Among white participants, low serum magnesium level is a strong, independent predictor of incident type 2 diabetes. That low dietary magnesium intake does not confer risk for type 2 diabetes implies that compartmentalization and renal handling of magnesium may be important in the relationship between low serum magnesium levels and the risk for type 2 diabetes. Med. 1999; 159:2151 -2159 T YPE 2 DIABETES mellitus imposes a substantial public health burden in the United States. It affects approximately 15 million Americans and leads to an excess risk for blindness, renal failure, lower-extremity amputation, and cardiovascular disease. 1, 2 The pathogenesis of the disease is complex. To date, only obesity and physical inactivity have been well established as modifiable risk factors for type 2 diabetes. 3, 4 Several lines of evidence suggest a possible novel risk factor: magnesium deficiency. [5] [6] [7] [8] First, several large observational studies, including the Atherosclerosis Risk in Communities (ARIC) Study, have demonstrated strong cross-sectional associations between low serum magnesium levels and type 2 diabetes. 7, [9] [10] [11] [12] [13] [14] Second, in vitro studies have shown an effect of magnesium on the secretion of insulin by the pancreas and on the responsiveness to insulin by peripheral tissues. 15, 16 Third, magnesium supplementation prevents the development of diabetes in a rat model of spontaneous type 2 diabetes. 17 Finally, clinical intervention studies demonstrated that daily magnesium supplementation can improve short-term insulin response and glucose handling in diabetic individuals. [18] [19] [20] [21] [22] The establishment of an association between serum magnesium level and the risk for diabetes might suggest dietary or pharmacological measures to prevent type 2 diabetes. To our knowledge, the association of magnesium intake or magnesium body content, as reflected by serum magnesium level, with type 2 diabetes has only been
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ORIGINAL INVESTIGATION studied cross-sectionally in humans. We therefore conducted a prospective cohort study to examine the association between serum magnesium level and dietary magnesium intake and the subsequent risk for incident type 2 diabetes in a community-based cohort of middle-aged adults. Cross-sectional analyses were also performed for contrast with the prospective analyses. In light of national survey data indicating that black individuals have lower levels of serum magnesium and are more likely to have type 2 diabetes compared with white individuals, 23 we were particularly interested in this relationship in black participants.
RESULTS
BASELINE CHARACTERISTICS
Serum magnesium concentrations were distributed approximately normally in black and white participants, but the distribution of the level of serum magnesium in black participants was significantly shifted to the left compared with that of the white ones. The mean ± SD serum magnesium level in the black participants was 0.80 ± 0.08 mmol/L (1.60 ± 0.16 mEq/L) compared with 0.83 ± 0.07 mmol/L (1.66 ± 0.14 mEq/L) in the white participants (PϽ.001). Although a difference of 0.03 mmol/L (0.06 mEq/L) in serum magnesium concentration is clinically insignificant at the individual level, this difference at the population level has great public health implications. Table 1 and Table 2 display the differences in the baseline characteristics among the 6 levels of serum magnesium in both race groups. In black and white participants, those in the group with the lowest level of serum magnesium reported the use of diuretics more frequently, and they also had higher mean BMI and fasting insulin levels and lower serum calcium and potassium levels. Lower education level and higher waist-to-hip ratio were associated with low serum magnesium level in
PARTICIPANTS AND METHODS
SETTING AND PARTICIPANTS
The ARIC Study is an ongoing prospective study that examines clinical and subclinical atherosclerotic diseases in a cohort of 15 792 persons, aged 45 to 64 years at baseline examination, selected by probability sampling from the following 4 US communities: Forsyth County, North Carolina; Jackson, Miss; the northwest suburbs of Minneapolis, Minn; and Washington County, Maryland. The sampling procedure and methods used in the ARIC Study have been described in detail elsewhere. 24 The prospective analysis was based on information obtained after 6 years of follow-up, which included 2 clinic visits scheduled 3 years apart. For this analysis, we excluded participants who reported ethnicity other than black or white American (n = 48), had diabetes at baseline (n = 1867), had missing exposure or outcome information (n = 578), were nonfasting (Ͻ8 hours) at baseline (n = 279), or were unavailable for follow-up (n = 746) or dead (n = 146) before visit 2. After these exclusions, we were left with 12 128 participants. Between the second and third visits, additional participants were unavailable for follow-up (n = 1093) or dead (n = 164), leaving 10 871 participants who were observed for the full 6 years. Thus, total follow-up of our cohort was 67 212 personyears. For the dietary magnesium intake analysis, an additional 232 individuals were excluded due to missing exposure information or unacceptable dietary data. For the cross-sectional analysis, only nonwhite and nonblack individuals (n = 48) or those who had missing data (n = 1208) were excluded, leaving 14 536 individuals for analysis. Individuals who were excluded from the present analyses did not differ from those who were included.
EXPOSURE ASSESSMENT
Baseline examination included home interviews, clinic examinations, and clinic questionnaires. Participants were asked to fast for at least 12 hours before the actual blood collection. All analyses were performed at the Central Chemistry Laboratory at University of Minnesota, Minneapolis. 25 Serum magnesium level was measured using the metallochromic dye calmagite (1-[1-hydroxy-4-methyl-2-phenylazo]-2-naphthol-4-sulfonic acid), based on the procedure of Gindler and Heth. 26 The coefficient of variation, based on specimens sent 1 week apart blindly to the laboratory, was 3%.
14 Serum glucose level was assessed using a modified hexokinase-glucose-6-phosphate dehydrogenase procedure, a Centers for Disease Control and Prevention national glucose reference method. 27 Standard radioimmunoassay was used to determine serum insulin level (iodine 125-labeled Insulin [732] Kit; Cambridge Medical Diagnostics, Inc, Billerica, Mass). Serum calcium level was determined by means of orthocresolphthalein complexone, a modification of the method of Connerty and Briggs. 28 Serum potassium level was determined using a direct electrochemical measurement on undiluted serum. 25 Information on age, sex, race, family history of diabetes, education, and use of diuretics was obtained from the home and clinic interviews conducted at the baseline visit. A positive family history of diabetes was defined as having any biological parent with diabetes, whereas a negative family history was defined as having both parents without diabetes or having 1 parent without diabetes and the other of unknown status. Body mass index (BMI; calculated as weight in kilograms divided by the square of height in meters) and waist-to-hip ratio were determined using the anthropometric measurements taken at the baseline clinic visit. Physical activity was assessed by using a modified intervieweradministered version of the questionnaire developed by Baecke et al. 29 Dietary intake was also assessed by an interviewer-administered, modified version of the 61-item food frequency questionnaire developed by Willett et al. 30 Although the validity and reproducibility of the questionnaire have been studied elsewhere, dietary intake of magnesium was not one of the factors included in those studies. 30, 31 Dietary magnesium intake was computed by multiplying the magnesium content of the specified serving of each food item by the frequency of its daily consumption and summing all items. 25 Dietary magnesium intake was characterized as dietary magnesium in milligrams per 4.2 kJ daily energy intake. Since the use of additional magnesium supplements (n = 3) or other multivitamins that may or may not contain magnesium black participants only. Among white participants, those in the low serum magnesium group were more likely to be female and to have higher fasting glucose levels and lower dietary magnesium intake. There was no apparent association between dietary magnesium intake and serum magnesium concentration in black participants. Table 3 summarizes the incidence of type 2 diabetes during 6 years of follow-up. Type 2 diabetes incidence rates differed significantly between black and white participants; overall the rates in black participants were substantially higher than those in white ones. Among black participants, there was no graded association between the crude incidence rate of type 2 diabetes and serum magnesium concentration at baseline. However, because of the smaller number of black ARIC participants, we cannot rule out a possible U-shaped relationship. In contrast, a strong, graded, inverse relationship between incidence rates of type 2 diabetes and serum magnesium levels was observed in the white participants. The magnesium level-specific rates rose from 11.1 per 1000 person-years in the highest category of serum magnesium level to 22.8 per 1000 personyears in the lowest category (P = .001).
CRUDE AND ADJUSTED RISK FOR TYPE 2 DIABETES BY SERUM MAGNESIUM LEVEL
Theabsenceofalinearrelationshipbetweenserummagnesium level and incident type 2 diabetes in black participants persisted after simultaneous adjustment for potential confounders using logistic regression ( Table 4) . In contrast, a strong, graded, inverse association between serum magnesium level and incident type 2 diabetes was observed among white participants in the unadjusted model (model 1), and although attenuated, it remained statistically significant even after simultaneous adjustment for age, sex, education, family history of diabetes, BMI, waist-to-hip ratio, physical activity, alcohol consumption, diuretic use, and serum calcium and potassium levels (models 2 and 3).
(n = 108) was negligible, and since there was not enough information to quantify this additional source of magnesium well, only dietary intake of magnesium was used as the exposure variable. Moreover, similar results were obtained from additional analyses that excluded these individuals.
OUTCOME ASSESSMENT
Diabetes mellitus, at baseline and during follow-up, was defined as the presence of any of the following: (1) fasting glucose level of at least 7.0 mmol/L (126 mg/dL), (2) nonfasting glucose level of at least 11.1 mmol/L (200 mg/dL), (3) current use of diabetic medication, or (4) a positive response to the question "Has a doctor ever told you that you had diabetes (sugar in the blood)?" Individuals with diabetes at baseline were excluded from the prospective analyses. Individuals without diabetes at baseline who met any of these conditions at visit 2 or visit 3 were considered to have incident cases of diabetes. All incident cases of diabetes were classified as type 2 diabetes because the age of onset in this middle-aged cohort was 45 to 70 years. Persons who met the criteria for diabetes at visit 2 but not at visit 3 were nonetheless considered to have type 2 diabetes. Analyses where these individuals were excluded, treated as having incident diabetes, or treated as nondiabetic individuals showed similar results as those from the present analyses.
STATISTICAL ANALYSIS
All analyses were stratified by race because of a significant interaction that was observed between race and the association of serum magnesium level and incident type 2 diabetes and because of our a priori interest in this association among black participants. Tests for interaction with magnesium level were also conducted with the variables sex, BMI, and education level; none was statistically significant. Serum magnesium concentration was categorized into 6 symmetrical and clinically meaningful groups. The lowest level of serum magnesium consisted of values from 0.25 to 0.70 mmol/L (0.50-1.40 mEq/L); hypomagnesemia is commonly defined as values below 0.75 mmol/L (1.50 mEq/L). 13 The highest level consisted of values of at least 0.95 mmol/L (1.90 mEq/L), which is also a common clinical definition of hypermagnesemia. 32 The group with the highest serum magnesium level was used as the reference in all regression analyses. The distribution of dietary magnesium intake per 4.2 kJ consumed appeared approximately normal and was categorized into quartiles. The highest quartile was used as the reference group.
Means and frequencies of potential confounders assessed at baseline were calculated for each level of serum magnesium, and analysis of variance and 2 analysis were used to assess the statistical significance of the differences across magnesium levels. Incidence rates were calculated for each level of the serum magnesium using a personyears approach, and 2 analysis was used to determine if the incidence rates for the levels of serum magnesium differed significantly. Since outcome was assessed every 3 years, the midpoint between 2 visits was used as the end point for those who had the event or were censored.
The association between baseline serum magnesium level and subsequent incident diabetes was examined using contingency tables and logistic regression models. Logistic regression, rather than the Cox proportional hazards model, was used and presented because of concerns about the lack of precise time of events; however, the relative hazards obtained from the Cox proportional hazards model were similar to the relative odds obtained from logistic regression. Based on the underlying model of the pathogenesis of type 2 diabetes, groups of potential confounders related to each other were formed. The first group of potential confounders included demographic characteristics, family history of diabetes, and variables that were related to obesity. The second group consisted of other clinically important cations, ie, serum calcium and potassium levels, and the use of alcohol and diuretics. The third group included fasting serum insulin and glucose levels. Results from the regressions are expressed as the relative odds of incident diabetes for each category of magnesium level and their 95% confidence intervals (CIs). Parallel analyses of the association between dietary magnesium intake and incident diabetes were performed. All statistical analyses were performed using the SAS statistical package. 
FASTING INSULIN AND GLUCOSE LEVELS AND RISK FOR TYPE 2 DIABETES
To this point, we had not adjusted for fasting serum insulin and glucose levels, under the assumption that insulin resistance and hyperglycemia may be in the causal pathway of low serum magnesium levels, leading to type 2 diabetes. However, since the longitudinal association observed between low serum magnesium levels and the risk for type 2 diabetes may merely be a reflection of the cross-sectional association between them, ie, individuals with a higher glucose level at baseline may have already had a lower serum magnesium level due to osmotic diuresis, we further adjusted for fasting serum insulin and glucose levels in model 4 ( 
COMPARISON OF CROSS-SECTIONAL AND PROSPECTIVE ASSOCIATIONS
At baseline, there were 567 diabetic individuals among 3571 black participants (prevalence, 15.9%), and 949 dia- the comparison of the cross-sectional and prospective associations of low serum magnesium levels with type 2 diabetes. In black and white participants, the crosssectional association was much stronger than the prospective association, especially at the lowest levels of serum magnesium.
DIETARY MAGNESIUM INTAKE AND INCIDENT TYPE 2 DIABETES
To determine whether the association between magnesium and incident type 2 diabetes was related to dietary intake, we next examined the association between dietary magnesium intake and incident type 2 diabetes ( Table 5 ). Univariate analysis showed that in black and white participants, individuals in the highest quartile of dietary magnesium intake generally appeared to be at lower risk for development of type 2 diabetes than those in the lower 3 quartiles, although this relationship was not statistically significant and showed no evidence of gradedness. In black participants, simultaneous adjustment for demographic factors, adiposity, physical activity, medication use, and dietary mineral intake did not alter this pattern. In white participants, the unadjusted association had a significant trend, but demographic factors, adiposity, and physical activity largely accounted for this association in the multivariate model.
SUBSIDIARY ANALYSES
To assess the robustness of our results, we conducted the following 2 additional analyses: (1) Adjusted relative odds of type 2 diabetes associated with serum magnesium level, by race and study design. Odds are adjusted for age, sex, education, family history of diabetes, body mass index, waist-to-hip ratio, physical activity, alcohol consumption, diuretic use, and serum calcium and potassium levels. driving the association seen in the prospective analysis, and (2) adjustment for baseline hypertension status, since cross-sectional association between high blood pressure and low serum magnesium levels has also been well established. The relative odds of diabetes, comparing the lowest level of serum magnesium to the highest level in white participants after adjusting for other confounders (not including fasting serum glucose and insulin levels), was still 1.77 (95% CI, 1.15-0.55; for trend, P = .03). Both analyses yielded results similar to those from the main analysis. Next, to assess possible geographic confounding related to uneven distribution of black participants across study sites, we performed analyses stratified by study site among black participants. There was little or no association among black participants from Forsyth County, the site with the second greatest number of black participants (n = 301), or Jackson, the site with the greatest number (n = 2281). Furthermore, to minimize the possibility of confounding by geographic area, race-stratified analysis of Forsyth County participants only (the only site with a reasonable number of black and white participants) was performed. The results showed that the inverse relationship between serum magnesium levels and risk for type 2 diabetes was only present in the white participants from that county. Finally, to determine if the association between serum magnesium level and type 2 diabetes was dependent on follow-up time, we performed analyses stratified by time at type 2 diabetes onset (0-3 vs 4-6 years after baseline visit) and found that the association between serum magnesium level and risk for development of type 2 diabetes 0 to 3 years after the measurement was approximately the same as the association between serum magnesium level and the risk for development of type 2 diabetes 4 to 6 years after the measurement (data not shown).
COMMENT
Our results support 4 main conclusions. First, there was a graded, inverse, independent relationship between serum magnesium level and the subsequent development of incident type 2 diabetes in white middle-aged adults. Second, although black participants were at higher risk for development of incident type 2 diabetes than their white counterparts, there was little or no association between serum magnesium level and the risk for type 2 diabetes in black participants. Third, the prospective association observed was markedly attenuated compared with the cross-sectional association in black and white participants, suggesting that much of the cross-sectional relationship was explained by the effect of diabetes on serum magnesium level (probably via osmotic diuresis) rather than by the effect of magnesium on glucose metabolism. 34 Fourth, there was no association between dietary magnesium intake and incident type 2 diabetes in black or white participants. The results from this study are consistent with previous observational and experimental studies that have reported an association between magnesium and type 2 diabetes 9, 12, 14, 20, 35, 36 ; however, this study is the first to establish an association between low serum magnesium level and incident diabetes prospectively in humans. Strengths of our study include a population-based sampling method, extensive data on potential confounders, and a large sample size that increased precision and permitted multiple statistical adjustments.
Nevertheless, several limitations of our study should be kept in mind. First, our measurement of magnesium level was confined to serum, a relatively minor compartment for magnesium, accounting for roughly 1% of wholebody magnesium level, and it is known that serum magnesium level may not reflect magnesium levels accurately in other tissues. 37, 38 However, it is also true that there is no consensus regarding the measurement of magnesium status. Serum magnesium level has been shown to be correlated with intracellular free magnesium level (r = 0.54) in a study using phosphorus 31-labeled nuclear magnetic resonance spectroscopy. 39 If intracellular magnesium level is the true predictor of the development of type 2 diabetes, and if by using serum magnesium level to assess magnesium status we have randomly misclassified individuals, then we may have underestimated the true association between magnesium level and incident type 2 diabetes. In addition, since serum magnesium level was measured at only 1 occasion, the reliability of this assessment may be questionable. However, in a study conducted in healthy male subjects, the intraindividual variation of serum magnesium level was shown to be 3.2%, much smaller than the 36% found in urine magnesium level. 38 Although both sources of error may have contributed to random misclassification, random misclassification tends to bias the result toward the null; thus, we may have underestimated the true association between magnesium level and incident type 2 diabetes. Second, the validity and reliability of the assessment of dietary intake of magnesium are unknown. Although validity and reliability studies of the food frequency questionnaire have been conducted previously, those results may not necessarily be generalizable to the ARIC population. Third, serum glucose level measurement, rather than oral glucose tolerance test, was used to assess the outcome. Furthermore, serum glucose level was assessed at only 1 point in time. Therefore, the validity and the reliability of this assessment may not be optimal. However, the use of serum glucose level to define diabetes has been demonstrated to outperform other measurements, such as glycated hemoglobin level 40 ; furthermore, defining the presence of diabetes by using fasting serum glucose level of at least 7.0 mmol/L (126 mg/dL) is supported by the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus of the American Diabetes Association. 41 Since glucose tolerance tests are being performed during the ongoing ARIC visit 4 examinations, this issue can be reexamined at the study's close. Finally, reliability of 1-time assessment of serum glucose level also has been shown to be better than that of the oral glucose tolerance test. When oral glucose tolerance tests were repeated in adults during a 2-to 6-week interval, the intraindividual coefficients of variation were 6.4% for the fasting serum glucose level and 16.7% for the 2-hour postload glucose level. 42 Previous work suggests several possible mechanisms whereby low serum magnesium levels may lead to the development of type 2 diabetes. First, as an essential cofactor in reactions involving phosphorylation, magnesium could impair the insulin signal transduction path-way. 32, 43, 44 Second, low serum or erythrocyte magnesium level may affect the interaction between insulin and the insulin receptor by decreasing hormone-receptor affinity or by increasing membrane microviscosity. 45, 46 Finally, magnesium can also be a limiting factor in carbohydrate metabolism, since many of the enzymes in this process require magnesium as a cofactor during reactions that utilize phosphorus bonds. 32, 43, 44, 47, 48 On the other hand, it is possible that the association between low serum magnesium level and incident diabetes could be noncausal. Low serum magnesium level simply could be a marker for the effect of other minerals, such as serum calcium and potassium. However, no apparent association between calcium or potassium (serum level and dietary intake) and the risk for type 2 diabetes was found in the multivariate analyses. In vivo and in vitro studies have shown that insulin increases intracellular magnesium level in erythrocytes and platelets, suggesting that magnesium transport is an insulin receptor-mediated process. 15, 49, 50 In humans, insulin resistance has been implicated to impair the ability of insulin to stimulate magnesium or glucose uptake in diabetic individuals. 10 This line of reasoning suggests that low serum magnesium level simply could be a marker of insulin resistance and hyperinsulinemia. This hypothesis, however, is contradicted by our finding that serum magnesium level predicted incident type 2 diabetes independent of serum insulin level.
The lack of association between low serum magnesium level and the risk for diabetes in black participants was unexpected. This finding is not likely to be explained by geographic confounding, since black participants from Forsyth County and Jackson had similar risk patterns, nor is it due to differential reporting of diabetes between black and white participants, since serum glucose measurements were used in determining type 2 diabetes status. Of course, confounding due to other unknown factors, residual confounding by the variables examined in our analyses, or the occurrence of a type 2 error due to the smaller number of black ARIC participants cannot be ruled out. Finally, the effect modification we observed might reflect a real difference in susceptibility to magnesium's influence in glucose metabolism in black vs white participants. We speculate that magnesium's modest effect on type 2 diabetes risk is overwhelmed by the much higher background rates of type 2 diabetes incidence in black participants.
In contrast to the Nurses' Health Study, our study did not show a significant association of low dietary magnesium intake with incident type 2 diabetes. 51 The main difference between these studies lies in their participants. Individuals from the Nurses' Health Study are probably more highly motivated and more experienced in quantitative measurements than the ARIC participants, thus resulting in more precise assessment of dietary magnesium intake. Moreover, adjustment for dietary intakes of other minerals explained most of the association between magnesium intake and incident type 2 diabetes in both studies.
Why should low serum magnesium levels, but not low dietary magnesium intake, predict type 2 diabetes? First, compared with serum magnesium levels, the relatively less precise measurement of dietary magnesium intake could have resulted in a type 2 error. Second, across the usual range of dietary magnesium intake, serum magnesium levels reflect compartmentalization or renal handling of whole-body magnesium level rather than dietary intake of magnesium, as suggested by the low correlation between dietary magnesium intake and serum magnesium level in the ARIC cohort (r = 0.06).
14 This, however, does not preclude the possibility that pharmacological doses of magnesium intake as supplement might influence serum magnesium level and/or glucose metabolism. In experimental studies of diabetic individuals, magnesium supplements of 2.0 to 4.5 g/d increased plasma magnesium concentration by 0.80 mmol/L (1.60 mEq/L) and improved short-term glucose handling and insulin response. 19 In general, the doses used in experimental studies were about 10 times greater than the average dietary intake of magnesium of ARIC participants (234 mg/d for black participants and 259 mg/d for white participants).
18-21,32,52
The main implication of our results is that low serum magnesium levels confer an increased risk for type 2 diabetes in white middle-aged adults. Although type 2 diabetes is a multifactorial disease, our results nonetheless raise the possibility that increased magnesium consumption, along with modification of other risk factors for type 2 diabetes, might represent a novel means to prevent type 2 diabetes. Our findings suggest that modification of magnesium intake by dietary means alone may be inadequate to achieve such an effect. However, whether pharmacological doses of magnesium used as dietary supplements can reduce the long-term risk for type 2 diabetes remains to be investigated.
